Superconductors / Bond-valence sum analysis / Oxocuprate superconductors / Transition-metal pnictides / Transition-metal chalcogenides Abstract. A crystal-chemical approach to superconductivity is described that is intended to complement the corresponding physical approach. The former approach takes into account the distinction between the stoichiometric valence ( stoich V) and the structural valence ( struct V) which is represented by the bond-valence sums (BVS). Through calculations of BVS values from crystal-structure data determined at ambient temperature and pressure it has been found that in chalcogenides und pnictides of the transition metals Fe, Co, Ni, Mn, Hf, and Zr the atoms of the potential superconducting units yield values of |BVS| ¼ | struct V| ! 1.11 Â | stoich V|, whereas the atoms of the charge reservoirs have in general values of | struct V| < 1.11 Â | stoich V|. In corresponding compounds which contain the same elements but are not becoming superconducting, nearly all atoms are found to have | struct V| < 1.11 Â | stoich V|. For atoms of oxocuprates that are not becoming superconducting and for atoms of the charge reservoirs of oxocuprates that become superconducting, the relation | struct V| < 1.11 Â | stoich V| seems also to be fulfilled, with the exception of Ba. However, in several oxocuprates the relation | struct V| ¼ 1.11 Â | stoich V| for the atoms that become superconducting units is violated. These violations seem to indicate that in oxocuprates it is the local bond-valence distribution rather than the bond-valence sums that is essential for superconductivity. The present analysis can possibly be used to predict, by a simple consideration of ambient-T, P structures, whether a compound can become an unconventional superconductor at low T, under high P and/or by doping, or not.
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Introduction
In 1911 the physicist Kamerlingh Onnes and his co-worker Gilles Holst discovered that mercury loses its electrical resistance if cooled below a critical temperature of T c ¼ 4:2 K [1] . Within the next two decades many metals and alloys were found to become superconducting at T c values up to 22.3 K [2] . In 1957 the famous BCS theory was published in which the physicists Bardeen, Cooper and Schrieffer explained superconductivity by formation of so-called Cooper-paired electrons which are weakly coupled to the crystal lattice, thus allowing them to move in an electric field without loss of energy [3] . According to this theory, the upper limit of T c should be approximately 30 K. Therefore, it came as a big surprise when the physicist Karl Alex Müller and his junior colleague, the mineralogist Johannes Georg Bednorz, discovered the first high-temperature superconductor La 2Àx Ba x CuO 4Àx with T c % 34 K in 1986 [4] . Within a few years thereafter, T c was raised to 135 K in HgBa 2 Ca 2 Cu 3 O 8þx at ambient pressure [5] by various compositional modifications to the superconductor parent-compound La 2 CuO 4 .
Under elevated hydrostatic pressure, the T c of HgBa 2 Ca 2 Cu 3 O 8þx reached even approximately 164 K [6] . Several stronger coupling mechanisms have been proposed to explain T c values higher than approximately 30 K [7] . A large number of experimental and theoretical physicists have gathered an enormous amount of experimental data and developed theories to interpret them. Despite these endeavours, Mazin admitted recently that, even "though (superconductivity) was discovered almost a century ago, many questions remain unanswered, in particular those concerning the physics of high-temperature superconductivity" [8] .
An experienced mountaineer knows that, if one route to the top of a mountain is too steep, there may exist another route and, perhaps, a combination of routes may help to reach the peak. With regard to superconductivity this means: Since one century of physical approach has not led to a full understanding of the phenomenon, differ-ent approaches should be employed as supplement to the physical one.
One reason for the difficulties encountered in the physical approach to superconductivity is perhaps the fact that the focus of this approach is primarily on the electrons as charge carriers between the atoms, largely neglecting their role as glue between atoms 1 . In comparison, the focus of a crystal chemical approach is on electrons producing attractive and repulsive forces thus giving rise to bonds between the atoms. These bonds may be more or less ionic, covalent, metallic, or van der Waals type. The structure of a compound 2 is the result of an equilibrium between the forces exerted by the electrons and the same is true for chemical and physical properties of a compound. Therefore, it may be worth to approach the problem from a crystal-chemical point of view. Although such an empirical approach will not be able to derive a general theoretical explanation of superconductivity, it may lead to correlations between chemical structures and conduction properties of inorganic compounds.
The result of such a crystal-chemical approach to superconductivity is presented in two parts. In the present paper, it is described that there is a correlation between the bond-valence sums (BVS) of the atoms on the one hand and the conduction properties of inorganic compounds on the other. In the second paper, it will be shown that the existence of infinite, uninterrupted systems of strong bond valences is a necessary but insufficient condition for superconductivity.
Theoretical background of a crystal-chemical approach
The most effective concept in chemistry is termed valence.
Since its introduction more than 150 years ago by Frankland [9] it is used to describe the bonding power of atoms. It has recently been made clear that in the literature the term valence is used for two different properties [10] .
(i) The stoichiometric valence ( stoich V) is the integer number of electrons that a bonded atom has formally lost ( stoich V > 0) or gained ( stoich V < 0), assuming that the compound under consideration consists of ionic atoms with integer charges. Since this assumption is never fulfilled, due to only partial ionisation of the atoms, this is a fictive yet stoichiometrically derivable property.
(ii) The structural valence ( struct V) is the, in general non-integer, number of electrons that an atom contributes to form bonds with neighbouring atoms of higher electronegativity or receives from more electropositive neighbours. Table 1 ), have been used to describe the stoich V and struct V values, respectively [10] . According to Pauling [11] , struct V i of an atom i is distributed among the bonds to its n surrounding neighbours as
The contribution s ij of a particular bond is called its bond valence and BVS the bond-valence sum. The bond valence decreases with increasing bond length D ij . The interrelationship between bond valence and bond length can be defined as [12, 13] . Since bond lengths, electronic state, and electrical conductivity all change continuously with temperature (T) and pressure (P), the bond valences and atomic valences of Eqs. (1) and (2) do so too. Combining Eqs. (1) and (2) we have
The bond-valence parameters r 3 tetrahedra were retrieved from the Inorganic Crystal Structure Database (ICSD) [21] and from the more current relevant scientific literature. The compounds with the retrieved structures were grouped into the Categories: superconductors (S), superconductor parent-compounds (SP), insulators (I), and compounds (N) that were not proven to belong to the Categories S, SP and I. Here a superconductor parent-com- 1 Throughout this paper the term 'atom' is used regardless of cationic or anionic character. When necessary, the terms 'cationic atoms' and 'anionic atoms' are used instead of 'cations' and 'anions'. 2 The term 'compound' is here loosely used for a chemically homogeneous, condensed substance, i.e. for an element, alloy, or compound. 3 Throughout this paper, in chemical formulae distinction is made between element symbols and structure-site symbols. Element symbols such as H, O, Fe, As etc. are represented by normal-face letters as laid down by IUPAC [19] . Structure-site symbols are given as bold-face capital letters as suggested by Smith et al. [20] . For example, A and X represent cationic and anionic atoms regardless of their specific element, Ln, Te, Pn, Ch, Hal, and L, represent lanthanide, transition-element, pnictide, chalcogenide, halogenide, and p-element atoms with one electron pair, respectively. ÀII , the former has been confirmed by bond-valence calculations, i.e. with knowledge of the accurate crystal structure (see Table 2 ).
These two examples may suffice to show that, with the exception of very simple binary compounds, in general more than one solution to the stoichiometric-valence value can be derived from stoichiometry alone. Usually, chemical experience is necessary to decide between different formulae.
The stoich V values for the phases in Tables 1 and 2 as well as for all other phases analyzed in this study have been derived according to the rules given below. The data on known oxidation numbers of the elements, including the information on what is considered to be a more common number (Rule 3), have been taken from [23] .
1. The oxidation number of oxygen is always À2.
2. The algebraic sum of the oxidation numbers of all constituent elements of the formula equals zero. 3. For each constituent element with more than one known oxidation number preference is given to its more common numbers as follows: a) If possible, the algebraic sum is built using only assignments of more common numbers to the constituent elements of the formula; if more than 
Determination of struct V
Bond lengths D ij are sensitive to changes of T and P. Therefore, in order to derive struct V values for a superconductor, its crystal structure should be known at T and P conditions of the superconducting state. In addition, to apply Eqs. (1) and (2), the used bond valence parameters r 0 and b should be derived from structures that were determined at such T, P conditions. Unfortunately, however, the large majority of r 0 and b values reported in the literature [14] [15] [16] have been derived from diffraction intensities collected at ambient T and P and give accurate results only for ambient-T, P structures. Though for higher oxidation states changes of the absolute values of D ij and struct V with T may be considerable, changes of the ratio struct V/ stoich V will be rather small. Consequently, struct V values calculated from room-temperature structure data should be well suited to compare struct V values with stoich V values of compounds at low-T conditions. We, therefore, calculated for a large number of compounds containing atoms of transition metals (including copper), pnictogens and chalcogens (including oxygen), the struct V values for their ambient-T, P phases, using Eq. [16] for the unspecified "oxidation state 9" were used. To compute the bond-valence sums, all values with s ij ! 0:05 vu were taken into account.
Results
In Tables 1 and 2 the stoich V i and approximated struct V i values are given separately, together with some further data for non-cuprate and cuprate compounds. Of the large number of compounds analyzed in this study, only those are tabulated, of which the structures allow to obtain unequivocal distribution of atoms on one or several Wyckoff positions. The others have been omitted unless splitting of the position allowed to distinguish between the different kinds of atoms (e.g. in (Hg,Cu)Ba 2 CuO 4þd [24] ).
Non-cuprate compounds
In Table 1 five kinds of compounds are listed. They are: (i) Compounds of the formula type TeX 4 , where Te is a transition-metal atom such as Fe, Co, or Ni, and X a chalcogenide or pnictide atom such as Se or As, respectively. The crystal structures of these compounds consist of 2-dimensional layers of edgesharing [TeX 4 ] tetrahedra (Fig. 1a) .
(ii) Compounds of formula type A m (TePn) m , where A represents alkaline or alkaline earth atoms of stoichiometric valence m, Te are Fe, Co, Ni, or Mn, and Pn are pnictide atoms such as P or As. In their structures, layers of edge-sharing [TePn 4 ] tetrahedra alternate with layers of electropositive A atoms (Fig. 1b) . (iii) Oxypnictides of formula type LnOTePn, where Ln ¼ lanthanide atoms, Te ¼ Fe, Co, Ni, and Pn ¼ P or As. The crystal structures of these compounds contain the same kind of tetrahedral layer (TePn) as in compounds of classes (i) and (ii). These layers alternate with layers of electropositive Ln and electronegative O atoms (Fig. 1c) . (iv) Oxypnictides of formula type A n TE' p O q (TePn) 2 in which the layers of edge-sharing [TePn 4 ] tetrahedra are separated by blocks of variable thickness that contain alkaline earth atoms A, oxygen atoms, and stoichiometrically divalent or trivalent atoms of transition elements Te' which may differ from the Te atoms of the layers of edge-sharing [TePn 4 ] tetrahedra (Fig. 1d) . (v) Compounds of formula type TeNHal, in which each of the stoichiometrically tetravalent atoms Te ¼ Zr IV or Hf IV is irregularly coordinated by four nitrogen atoms on one side and three halide atoms Hal ¼ Cl ÀI , Br ÀI , or I ÀI on the other (Fig. 1e) . With the exception of the class (v) compounds, all noncuprate unconventional superconductors known so far contain the same type of conducting layers. They differ in the complexity of the layers that separate the conducting layers and are considered to act as charge reservoirs. For comparison, a number of non-superconducting compounds containing the same elements are included in Table 1 .
Cuprate compounds
While all known non-cuprate unconventional superconductors, with the exception of the TeNHal compounds, contain the same kind of conducting layers and differ in the complexity of the layers separating them, the cuprate unconventional superconductors differ in the complexity of both the conducting units and the layers separating them. This is illustrated in Fig. 2 by four structures of compounds that are included in Table 2 . For comparison with the superconductors and superconductor parent-compounds, a number of insulators (I) and compounds for which superconductivity has not been observed (N) are included in Table 2. 5. Discussion electrons each atom transfers to or receives from the other atoms of a compound. This is illustrated in Fig. 3 for the isostructural compounds YOZnP and LaOFeP listed in Table 1 . The former is an insulator, in which for all atoms struct V i % stoich V i whereas the latter is a superconductor parent-compound in which the La and Fe atoms transfer considerably more than the three and two electrons, respectively, that were expected to reach the oxidation numbers þIII and þII of La III II atom contributes on average 1.74 of its six 3d electrons, in addition to its two 4s electrons, to bonds to its neighbours, which seems reasonable.
Non-cuprate compounds
From the data listed in Table 1 it can be seen that in the ambient-T, P phases of all the superconductors and superconductor parent-compounds tabulated, the struct V values of the cationic Te atoms, which are part of the structure that becomes the conducting unit upon cooling, applying pressure and/or doping, are at least 11% higher than their corresponding stoich V values, i.e. struct V(Te) ! 1. This clearly shows that, for the atoms of the conducting units of the non-cuprate superconductors and corresponding parent compounds, | struct V| is significantly larger than | stoich V| even in the room-temperature phases. In contrast, for compounds containing the same elements as the superconductors or their parent compounds which, however, do not become superconducting, i.e. for the typical insulators (Category I), | struct V| < 1.11 Â | stoich V|. It is, therefore, concluded that in the case of non-cuprates it is primarily struct V and not or much less stoich V of the atoms in the potential conducting units that determines whether or not a compound can become superconducting on cooling, by pressurising and/or doping.
Since the struct V values have been derived for the ambient-T, P phases, the limiting difference of 11% between | struct V| and | stoich V| of the atoms constituting the potential conducting units and the so-called charge reservoirs, respectively, applies to the ambient-T, P phases. The corresponding limit for the superconducting phases will have a slightly different value. However, since in general low-T, high-P crystal structures can be refined with higher accuracy than those at higher T or lower P conditions, it is expected that the limit for the phases in the superconducting state is even sharper than in the ambient-T, P state.
Cuprate compounds
While a clear picture with regard to struct V and stoich V values is derived for non-cuprates, the situation is more complicated for the oxocuprate compounds listed in Table 2 .
In analogy to the non-cuprate phases of Table 1 that have been proven not to become superconducting, also the corresponding cuprate phases of Table 2 have values of | struct V| < 1.11 Â | stoich V|. In addition, in the three polymorphs of La 2 CuO 4 , the only known parent compound of the cuprate superconductors, the struct V values of the Cu atoms are even more than 20 percent larger than their value of stoich V ¼ 2 vu. However, this excess of struct V over stoich V is compensated by the equatorial oxygen atoms of the [CuO 6 ] polyhedra alone, whereas the apical oxygen atoms have | struct V| < 2 vu. In fact, in each of the three polymorphs the distances between the apical oxygen atoms and the Cu atoms are rather long and, therefore, the bond valences of these bonds rather low. This suggests that the apical O atoms and the equatorial ones play different roles in unconventional superconductors and that it is the distribution of the individual bond valences s ij rather than the bond-valence sums, i.e. the struct V values, that is important.
For several of the superconductors (Category S) listed in Preliminary results of an analysis of the bond-valence distribution suggest that it is in fact the s ij distribution that controls whether a cuprate phase becomes an unconventional superconductor or not. 
Summary and prospects
Bond-valence sum calculations for ambient-T, P phases have shown that (with some exceptions for Ba) a) in non-cuprate compounds that become superconducting at low T, b) In cuprate compounds that become superconducting at low-T condition, (i) is fulfilled for only part of the compounds, whereas condition (ii) is fulfilled for all of them. For the parent compounds, both (i) and (ii) are fulfilled. For insulator oxocuprates, condition (iii) is fulfilled.
These results show that unconventional superconductivity is strongly correlated with struct V of the atoms. For the non-cuprates studied, the struct V values of their ambient-T, P phases allow to distinguish between substances that become superconducting on cooling with or without applied pressure and/or by doping, and those that do not. This is in accordance with the growing insight that the structure of a compound plays a decisive role for superconductivity. In the case of the cuprates, preliminary results show that it is more likely the local distribution of the bond valences rather than the bond-valence sums that are correlated with unconventional superconductivity.
c) The present analysis for struct V should be extended to individual bond valences, s ij , to derive information on conduction paths.
Work on c) is in progress and will be published as Part II of this crystal-chemical approach to superconductivity.
